Abstract After gamma-emitting 65 Zinc was detected in a vacuum pumping system contained in a tritium glovebox, a series of experiments were undertaken to develop a method and material to trap zinc vapors in an area that is more suitable for preventing dose to workers. In this study, bronze alloys with 0-30% tin were prepared using a powder metallurgical process and exposed to three levels of zinc vapors. All of the alloys demonstrated acceptable zinc gettering capacity; however, low tin content bronzes are considered for further testing.
Background
Gamma-emitting contamination of 65 Zinc (Zn) deposits was detected in a vacuum pumping system after a thermal treatment of irradiated components that are used for tritium production [1] . Select deposits were analyzed, and it was determined that the source of the contamination was vapor deposition of small amounts of activated zinc from residual elements in the irradiated objects. The deposits were characterized for shape, formation, and adhesion as described in Ref. [1] . The results indicate that the 65 Zn is derived from activated natural zinc and migrates as a metallic vapor [1] .
As a result of conducting a number of experiments, a method to trap zinc vapors using filters that were heated to a specific temperature and placed strategically in the process piping was developed [2] . This solution, although effective for low tritium production rates, creates challenges at increased production rates since the gammaemitting zinc is captured in a glovebox that is designed to contain gaseous radioactive materials. Consequently, the facility operators desired a solution for this problem that is more compatible in an area of the facility designed for harder radioisotopes. This area has limited ability to change pressure and temperature profiles. To ensure the quality of the product, any material selected for evaluation could not absorb hydrogen and had to be otherwise compatible with the process. A comprehensive review of materials was conducted, and essentially, two alloy systems-copper and cobalt based-were compatible with the criteria [3] .
Subsequently, a series of experiments was conducted to validate the usefulness of copper and commercial off-theshelf bronze materials [4] . While these materials were successful at capturing zinc vapor, they contain higher than acceptable levels of phosphorus, lead, or other species that are incompatible with the process and process gas [5] . Consequently, an alloy development program was undertaken to develop a binary alloy from pure powders. Powders were blended, compressed into pellets, sintered, and then tested for zinc capture in the apparatus described in Ref. [4] . The alloys ranged in composition from pure copper to 30 weight percent tin (Sn). The pellets with higher weight percent tin resulted in lower melting point alloys, and the hypothesis was that the gettering capability for zinc would scale with melting temperature, i.e., more effective gettering would occur at lower melting temperatures.
Experimental Approach
Copper powder in the form of flakes was obtained from Fisher Scientific. The powder had a size of *50 lm and a purity of 99.9%. The common contaminants were not listed. The powder morphology has a flake shape with unfavorable compaction characteristics.
Tin powder in the form of small diameter spherical powder was obtained from Fisher Scientific. The powder has a diameter of 5 lm in order to enhance the opportunity for chemical uniformity after diffusion.
The powders were blended in a high-speed ball mixer ( Fig. 1 ) with three to six steel balls with diameters between 6 and 12 mm present to improve the homogeneity. A few experiments were conducted to determine an effective mixing protocol, but the process was not optimized. The composition of the powder blends ranged from 0 to 30% Sn.
Test articles were prepared by pressing 13-mm pellets in a carbon steel die ( Fig. 2 ) and a simple hydraulic bearing press, shown in Fig. 3 . The pellets ranged in thickness from 0.4 to 6 mm. The compaction stress ranged from 3 to 6 kN/ mm 2 [5] . Zinc stearate was used as a die lubricant. The first group of samples showed greater thicknesses. With project evolution, the thicknesses were reduced to help improve the surface area-to-volume ratio.
Pressed samples were sintered in an argon atmosphere in a quartz tube furnace. The samples were placed in the furnace, and after sufficient purge time, the furnace was heated using the following procedure: RT to 120°C at 5°C/min; hold for 1 h; 120-220°C at 5°C/min; hold for 2 h; 220°C to diffusion temp at 5°C/min; hold for 2 h; and furnace cool. The first step is intended to remove any adsorbed moisture from the powder compact, the second to allow for some solid-state tin diffusion, and the third to encourage chemical homogenization. The diffusion temperature was based on the equilibrium melting temperature of the alloy blend based on the copper-tin phase diagram [6] , shown in Fig. 4 . The diffusion temperatures for these experiments were also determined from the phase diagram and were intended to produce 25% liquid. Table 1 contains the typical and actual compositions, liquidus temperature, Fig. 1 Photo of the plenary powder mixer used to blend the elemental powders Fig. 3 Hydraulic press used to compact the powders to a stress of 3-6 kN/mm and nominal sintering temperatures between 80 and 90% of the melting point. Zinc exposure was accomplished by placing the sintered pellets in the high vacuum zinc thermal vaporization and exposure apparatus, and exposing samples heated to 350°C to zinc vapors which were generated by heating the zinc source to 350°C for 4 h [4] .
The samples were characterized by determining the specific mass gain, color change, brass alloying layer, scanning electron microscopy (SEM), and X-ray energydispersion spectroscopy (XEDS).
Results and Discussion
The powder blending protocol resulted in a well-blended powder with no appearance of agglomeration of the tin in the copper. An SEM image of a 5% Sn-blended power is shown in Fig. 5 , where the bright powder is the tin.
The as-pressed (green) pellets are shown in Fig. 6 . These 13-mm pellets were compacted to a force of nominally 44 kN. The copper powder with the flake morphology presented challenges to pressing. The force required to compact the powders was significantly higher forces than had they been spherical [7] . The green density for the compacts is listed in Table 2 . The appearance after sintering reveals that the amount of tin affects the color of the pellet with more tin causing the orange of the copper to be ''washed'' out with a metallic gray color. The 30% bronze samples are gray. The sintered density is also listed for the average of the last samples pressed and sintered in the conditions listed. Note that the actual sintering temperature depends on the alloy composition with the goal that the sintering temperature ranges between 85 and 95% of the liquidus temperature as indicated in Fig. 4 . Table 3 Locations are shown in Fig. 11 , where A is in the substrate, B slightly below the zinc deposit, C in the zinc rich deposit
The sintering cycle for several Cu-10 wt.% Sn pellets is shown in Fig. 7 , and the various sintering temperatures are clearly indicated. The other pellets were sintered using the same initial temperatures with only the final temperature varying. Typical sintered samples for each composition from 0 to 30% Sn are shown in Fig. 8 . These pellets show colorations that range from the reddish copper color to a yellow bronze color to a gray color at 30% Sn.
Copper and bronze samples from 0 to 30% Sn were exposed to low (TC10), medium (TC8), and high (TC1) zinc fluxes, where TC indicates the location of thermocouples in the reaction chamber with TC1 being near the zinc source and each increasing value being 31.75 mm above the zinc source. While these terms are somewhat nebulous, they reflect the relative amount of zinc that was deposited on the samples. The surface condition of all the samples is shown in Fig. 9 . The low-flux and medium-flux samples changed color from the orange tint of bronze to a yellow/gold brass coloration for the samples that contained 20% Sn or less and the higher alloyed samples remained gray. The samples exposed to the high flux of zinc all turned gray. The cross sections of selected samples were examined using optical and scanning electron microscopy. The specific mass gain (mg/cm 2 ) for these samples was determined. The various flux amounts are correlated with the filter temperatures as shown in Fig. 10 . These data show fairly consistent zinc capture as a function of tin content across the range tested. The cross sections shown in Fig. 11 indicate that these samples exhibit a dense surface for the low-flux (TC8) condition and a composition of nominally 40% Zn for the 5, 10, and 20% Sn samples. There was very little difference between the samples with varying Sn composition. The high-flux samples (TC1) contain approximately 50% Zn for the 10 and 20% Sn samples. For both the low-and high-flux samples, there was very little Zn below the reaction layer.
Conclusions
Based on the results of this study, there is not a measureable effect of Sn content on the zinc gettering capability of powder metallurgically processed bronze. The zinc capture capability depends on the zinc flux and the substrate temperature; these effects are not readily separated based on the zinc deposition apparatus. Further development and testing of low tin content bronzes is warranted to allow for cold working to maximize the surface area of the getters.
